Abstract-1,3-Dipolar reactions of imines of both acyclic and cyclic α-amino esters with a range of nitroolefins using a combination of AgOAc or Ag 2 O with NEt 3 are described. In most cases the reactions were highly regio-and stereo-specific and endo-cycloadducts were obtained in good yield. However, in a few cases the initially formed cycloadducts underwent base catalysed epimerisation. The stereochemistry of the cycloadducts was assigned from n.O.e data and established unequivocally in several cases by X-ray crystallography.
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We introduced facile and wide ranging metal salt-tertiary amine catalysed cycloaddition reactions of imines, activated by an appropriately located carbanion stabilising substituent, with electron deficient alkenes. 1 Subsequently, we have utilized this methodology for the synthesis of a wide variety of heterocycles including pyrrolizidines, indolizidines 2 and spiro nitrogen heterocycles 3 as well as the synthesis of pyrrolidine based β-lactams and Dopamine 1 is one of the most important neurotransmitters, the body's natural stimulants, and plays a key role in schizophrenia and Parkinson's disease. Several reports appear in the literature for the synthesis of both simple and conformationally restricted dopamine analogues 6 and evaluation of their biological properties. Nitropyrrolidines are potentially useful as sources of conformationally restricted analogues of dopamine 1 and DOPA 2 7 (vide infra). This type of compound e.g 3-5 is accessible via 1,3-dipolar cycloaddition of appropriate azomethine ylides and nitrostyrenes. Nyerges et al. 8 applied this cycloaddition methodology to the stereoselective synthesis of azacephalotaxine 8a,b and indolic aza-analogues 8c of cephalotaxine. They have also reported a new method for the synthesis of substituted pyrroles 8d from nitropyrrolidines. Several authors explored the 1,3-dipolar cycloaddition of both non-stablized 9 and stablized 10 azomethine ylides with nitroolefins for the synthesis of substituted nitropyrrolidines. For stabilized azomethine ylides it was concluded that lithio-azomethine ylides 10 undergo preferential formation of endo-cycloadducts whilst silver salts favour the formation of exo-cycloadducts. Further work showed that incorporating certain groups in the aromatic moiety of aryl azomethine ylides modifies the stereoselectivity 10b . These latter results confirmed prior work by our group on proton-sponge effects in azomethine ylide formation. 11 An asymmetric catalytic version of 1,3-dipolar cycloaddition of nitroalkenes to an imino ester derived from glycine has been reported 12 as has microwave assisted synthesis of highly substituted nitroproline esters via 1,3-dipolar cycloaddition. 13 This paper describes our studies of the silver catalysed synthesis of nitropyrrolidines 3 and their derivatives 4,5 all of which proceed via endo-transition states. The latter provide interesting dopamine mimetics because of the conformational rigidity conferred by the 5-membered ring and the differing dihedral angle between the aryl and amine moieties. We further report a series of spirocyclic nitropyrrolidines arising from homoserine lactone 11.
Cycloadditions of non-cyclic imines 6a-f
A number of nitro-olefins 7a-f were examined to explore the diversification of the metallo-azomethine ylide cycloaddition. These were prepared from the corresponding aryl aldehydes by the Henry reaction 14 and were reacted with a series of aryl or aliphatic imines of cyclic or acyclic α-amino esters.
The aryl imines 6a-f underwent cycloaddition reactions with nitroolefins in toluene in the presence of NEt 3 and Ag 2 O (10 mol%) or AgOAc (1.5 mol equiv.) (Scheme 1). The results of the reactions are presented in Table 1 . The cycloaddition of the less hindered imines 6a,d with anthracene nitrostyrene 7a afforded single cycloadducts endo-9a,b in good yield (72-80%)( Table 1 , entries 1 and 2), whereas imines 6b,c from alanine and phenylalanine failed to react under the same conditions due to the steric hindrance between the Me and Bn groups of the imines and the anthracenyl group of the dipolarophile. 10 have observed similar results in the 1,3-dipolar cycloaddition of glycine imine with different nitroolefins and they have reported that silver salts favour the formation of exo-cycloadduct in the case of nitroolefins with bicyclic aryl groups. They have suggested that secondary orbital interactions of the aryl groups play a major role in this change of stereoselectivity. This type of interaction is not possible in the case of imines 6 (R = Me or Bn) because of the steric hindrance between the bulkier groups (Me and Bn) of the imines and the aryl group of the nitroolefins. Therefore, in all cases the cycloaddition reactions were overwhelmingly endo-specific.
Figure 1
Similarly, cycloaddition of imines 6b-e with nitroolefins 7c-f afforded endo cycloadducts 9j-p,r-u (Table 1 , entries 10-16 and 18-21) whereas glycine imine 6a with nitroolefins 7c,e afforded a 2-3:1 mixture of endo-9i,q and exo-10i,q cycloadducts (Table 1, entries 9 and 17) respectively. Nitroolefin 7f reacted with alanine imine 6b to give a 3:1 mixture of endo-9v and exo-10v cycloadducts (Table 1, entry 22 ).
Product structures indicate that in all cases the imines generate the expected metallo-1,3-dipoles 8a-f stereoselectively under kinetic control and the coordination of the metal ion depicted in 8 is believed to be responsible for this kinetic preference. 15 The potential cycloadducts 9 and 10 arise from the dipoles 8 via endo-and exotransition states respectively. Structural assignments are based on 1 H COSY and n.O.e data. For example, the methoxy signal at 3.86 ppm in 9f indicated a trans disposition of the ester and the indolyl groups, whilst in 10f the methoxy signal occurs at 3.06 ppm suggesting shielding of the OMe by a cis-indolyl group. This observation was confirmed (Fig. 1) by n.O.e experiments. Thus the irradiation of H-4 in 9f effects a 9.1% enhancement of the signal for H-5 suggesting cis relationship between H-4 and H-5, whereas a smaller enhancement (4.8%) of the H-3 signal indicates H-3 and H-4 are trans related. Irradiation of H-2 in 9f shows no enhancement of the H-3 proton indicating a trans relationship between H-2 and H-3. Similarly irradiation of H-4 in 10f gave a small enhancement (1.4%) of H-5 and H-3 (3.5 %) suggesting trans relationship of both H-5 and H-3 with H-4 whilst irradiation of H-2 effected a 9.4% enhancement of H-3. These data suggest that H-4 and H-5 are trans-related and H-2 and H-3 are cis-related in 10f.
The 5 examples of endo/exo cycloadduct mixtures comprise of 4 cases involving glycine imines (Table 1 , entries 3, 6, 9, 17) and one involving an alanine imine (entry 22). In the former case we hypothesise that π-stacking of the electron rich C(3)-Ar substituent and the C(2)-ester carbonyl group lowers the exo-transition state energy sufficiently to make it competitive. Factors favouring the exo isomer in the latter case ( We extended our studies to spiro nitropyrrolidines employing metallo-azomethine ylide formation from aldimines of cyclic α-amino ester 11 using a combination of AgOAc in MeCN or Ag 2 O in toluene with NEt 3 . Imines of a range of aldehydes (aryl, heteroaryl, aliphatic) were examined to explore the diversification of the metalloazomethine ylide cycloaddition. In some cases imines of long chain aliphatic aldehydes were used to increase the lipophilicity of the cycloadducts. The aryl 12a-c and aliphatic 12d-j imines were employed in cycloadditions with a range of nitrostyrenes (Table 2) .
Imines 12a-c reacted with various nitrostyrenes in acetonitrile in the presence of triethylamine and AgOAc to give mixtures of 14a-c (major) and 15a-c (minor) cycloadducts in 59-83% yield (Scheme 2)( Aliphatic aldimines 12d-j underwent Ag 2 O catalysed cycloaddition with trans-nitrostyrene in toluene in the presence of NEt 3 to afford the corresponding endocycloadducts 14d-j in 42-85% yield (Table 3 , entries 1-7). Cycloadducts 14e,g-j comprised 1:1 mixtures of racemic diastereomers (due to the chiral centre present in the side chain) and it was possible to separate both isomers in the case of 14i using silica gel chromatography. Cycloadducts 14f comprised an inseparable 1:1 mixture of chiral diastereomers. In all cases the cycloaddition was regio-and stereo-selective and involved only the E,E-dipole 13 (Scheme 2). The stereochemistry of the cycloadducts 14d-j was established by comparison of their 1H NMR spectra with those of the previously described analogues. 
Reduction of nitro compounds to amines
Several attempts at reducing the nitro moiety to the amine based on literature methods (ammonium formate, 10 % Pd/C in dry methanol, 17 metal acid combinations eg, SnCl 2 /AcOH in methanol, 18 In/HCl in aq. THF, 19 Zn/conc. HCl, Fe/AcOH 20 ) failed. However the reduction of the nitro group to amine was successful using Zn/ethanol/conc. HCl after protecting the NH of the pyrrolidine ring as the Nacetyl derivative 8b (Scheme 4).
The reaction of the 3:1 mixture of thienyl cycloadducts 9q and 10q with acetic anhydride (11 mol eq) in pyridine at 0 ºC to rt gave a 1.5:1 mixture of N-acetyl derivatives 16a and 16b in 66% yield. The two N-acylated isomers were separated by column chromatography. Close examination of the major product 16a showed it had undergone epimerisation at C-4. Thus the 1 H-and 13 C-NMR spectra were consistent with the general structure of both N-acetyl derivatives, but n.O.e experiments ( Acid / base catalysed epimerisation occurred at C-4 of the major isomer endo-9q, facilitated by the low pKa of the 4 -H, to provide 16a. The C-4 epimerisation was confirmed by the X-ray crystal structure of 16a ( Figure 5 ) which shows the naphthyl ring and the ester group on one face of the pyrrolidine ring and the nitro group and the thienyl ring on the opposite side. Additionally, distances and dihedral angles were calculated from the X-ray structure ( Figure 5 ) to add further proof of the relative disposition of the substituents on the pyrrolidine ring: 2-H -3'-H = 2.4205 Å and 12.18 deg , establishing that the 3-(2'-thienyl) group is orthogonal to the plane on the pyrrolidine ring. It was also found that in this crystal structure there is a disorder in the thiophene ring and in about half the molecules in the crystal the thiophene ring is rotated 180º, so that the sulphur occupies the position of C-3' as shown in Figure 5 . The relative stereochemistry of the substituents minor isomer 16b was assigned in the same way from n.O.e. experiments. Irradiation of 3-H effected a 13.0% enhancement of 2-H, suggesting a cis relationship between them, and a 6.3% enhancement of 5-H. Irradiation of 4-H produced a 9.6% enhancement of the thienyl 4'-H. Finally, irradiation of 5-H led to a 4.5% enhancement of the methyl group of the N-acetyl group, suggesting the relative disposition shown on Figure 7 and establishing the same preferred amide orientation in both major and minor isomers. As in compound 16a the 3-(2'-thienyl) and the 5-(2'-naphthyl) rings in compound 16b are orthogonal to the pyrrolidine ring, and the methyl group of the acetyl group is oriented towards C-5 as shown in Figure 9a . In 16b C-4, bearing the nitro group, is the atom out of the plane pointing upwards on the right side of the "stick" model ( Fig.11 ) formed by N, C-2, C-3 and C-5 of the pyrrolidine ring, whilst the N-acetyl group is in the same plane as these four atoms. The 4-nitro group has a pseudo equatorial disposition trans to the 3-(2'-thienyl), 5-(2'-naphthyl) rings and the 2 -ester group. These last three substituents are in pseudo equatorial disposition minimising the axial interactions. The 3-(2'-thienyl) and 5-(2'-naphthyl) rings are orthogonal to the plane formed by N, C-2, C-3 and C-5 of the pyrrolidine ring ( Figure 11 ).
Figure 11. Model of 16b
Note that because of C-4 epimerisation compounds 16a and 16b no longer have an endo / exo relationship.
To probe the generality of C-4 epimerisation two further examples were studied using the same reaction conditions but this time starting from the single endo cycloadducts exo-9c and endo-9i (Scheme 4). These gave exclusively the N-acylated epimerised products 17a,b in 90-93 % yield. In both cases the relative disposition of the substituents in the N-acetylated derivatives 17a and 17b were determined by n.O.e. experiments. It was concluded that the nitro group and the C-3 aryl ring are cis-related in both compounds, and that there is a trans-relationship between the biphenyl / naphthyl rings and the nitro groups. Thus epimerisation at C-4 in the course of the N-acetylation reaction appears to be general. In the case of endo-9i the acetylation not only occurred at the pyrrolidine NH, but also at the phenolic OH.
N.O.e. studies on 17b are summarised in Figure 12 . Thus irradiation of 4-H produced a 9.15 % enhancement of 3-H, but only a 3.6 % enhancement of 5-H. Likewise irradiation of 3-H caused an 9.0 % enhancement of 4-H, whilst irradiation of 5-H gave a 3.7 % enhancement of 4-H, establishing a cis-relationship between 3-H and 4-H, and a trans-relationship between 4-H and 5-H. Finally irradiation of 5-H also produced a 7.7 % enhancement of the methyl of the N-acetyl group and no enhancement of 2-H establishing the same orientation of the amide as observed previously. Reduction of 16a and 16b was carried out with zinc dust (17 mol eq) in 50:1 ethanol/conc.hydrochloric acid at 40-50 o C, then for 12 h at reflux giving the corresponding amino derivatives 18a and 18b in 88-95% yield.
The relative stereochemistry of the pyrrolidine ring substituents in the amino derivative 18a was assigned from n.O.e. data. (Figure 13 In conclusion we have shown that (i) in situ generated argento azomethine ylides undergo concerted cycloaddition to E -nitrostyrenes via endo -transition states in good yield (ii) the pyrrolidine ring has an envelope conformation with the C-4 nitro bearing carbon the out-of-plane atom (iii) N-acetylation with Ac 2 O is accompanied by C-4 epimerisation (iv) a combination of nOe solution studies and X-ray crystallography show a dipole-dipole stacking interaction involving the C-2 ester and N-acetyl carbonyl groups with the methyl group of the latter oriented towards the C-5 aryl substituent. (v) reduction of the C-4 nitro group with Zn/HCl/EtOH affords the corresponding amines.
Experimental
Melting points were determined on a Reichert hot-stage or Buchi B-545 apparatus and are uncorrected. Microanalysis was performed using a Carlo Erba MOD 1108 or 11016 instrument. Mass spectral data were recorded on a V.G.-AutoSpec instrument operating at 70 eV. Accurate molecular weights were recorded on a Micromass LCT KAIII electrospray (ES) machine. Infra-red spectra were recorded either on KBr discs or on films, prepared by evaporation of a dichloromethane solution, on a Nicolet Magna FT-IR or Nicolet 460ESP FT-IR Spectrometer. Nuclear magnetic resonance spectra were recorded at 250 MHz on a Bruker AC250 instrument or at 300 MHz on a Bruker DPX300 or at 500 MHz on a Bruker DRX500 instrument. Chemical shifts (δ) are given in parts per million (ppm). Deuterochloroform was used as the solvent unless otherwise stated. The following abbreviations are used: s = singlet, d = doublet, t = triplet, q = quartet, dd = double doublet, dt = double triplet, ddd = double double doublet, m = multiplet, b = broad, app = apparent. Flash chromatography was performed either with silica gel 60 (230-400 mesh) or with 10 g/20 g SPE-Anachem SI Mega Bond-Elut. All solvents were purified according to standard procedures. The term ether refers to diethyl ether. Analytical grade anhydrous silver salts were used as purchased. In all reactions involving silver (I) salts the reaction flask was covered with aluminium foil.
General
Procedure for Silver(I) Catalysed Cycloaddition Reactions
The appropriate aldimine (1 mol equiv.), triethylamine, dipolarophile (1 mol equiv.) and silver acetate (1.5 mol equiv.) were mixed in freshly distilled acetonitrile. Silver oxide (10 mol%) as metal catalyst and toluene (dried over sodium wire) as solvent were used in the case of aliphatic aldimines. The resulting suspension was stirred for an appropriate period at room temperature (monitored by TLC and 1 H NMR). After completion of the reaction the mixture was quenched with saturated aqueous ammonium chloride and extracted with ether or dichloromethane (2 x). The dried (magnesium sulphate) organic layer was concentrated under reduced pressure. The ratio of any isomers present in the residue was calculated from the integrals of appropriate peaks in the 1 H NMR spectrum. Flash chromatography afforded the individual stereoisomers when present.
Methyl 3-(9-anthryl)-5-(2-naphthyl)-4-nitro-prolinate (9a)
Obtained from imine 6a (227 mg, 1 mmol), Enitrostyrene 7a (249 mg, 1 mmol), triethylamine (0.21 mL, 1.5 mmol) and silver acetate (250 mg, 1.5 mmol) in toluene (20 +1, 100). , 100).
Methyl

3-(1H-indol-3-yl)-5-(2-naphthyl)-4-nitroprolinate (9c and 10c)
Obtained from imine 6a (227 mg, 1 mmol), E-nitrostyrene 7b (188 mg, 1 mmol), triethylamine (0.21 mL, 1.5 mmol) and silver acetate (250 mg, 1.5 mmol) in toluene (20 mL) over 18 h. Purification by cartridge column SPE-Anachem 20g SI Mega Bond-Elut eluting with 100% hexane to 100% ethyl acetate gradient elution afforded first endo-9c (291 mg, 70%), followed by exo-10c (104 mg, 25%). ), 504 (M +.
-1, 100). 1,1'-biphenyl-4-yl)-3-(1H-indol-3-yl)-4-nitroprolinate (9f and 10f) Obtained from imine 6d (253 mg, 1 mmol), E-nitrostyrene 7b (188 mg, 1 mmol), triethylamine (0.21 mL, 1.5 mmol) and silver oxide (30 mg, 0.13 mmol) in toluene (20 mL) over 18 h. Purification by SPEAnachem 20 g SI Mega Bond-Elut cartridge using 100% hexane to 100% ethyl acetate gradient elution afforded first endo-9f (304 mg, 69%), followed by exo-10f (114 mg, 26%). ), 440 (M +.
Methyl 5-(
-1, 100).
Methyl
5-(1,1'-biphenyl-4-yl)-3-(1H-indol-3-yl)-2-methyl-4-nitro-prolinate (9g)
Obtained from imine 6e (267 mg, 1 mmol), E-nitrostyrene 7b (188 mg, 1 mmol), triethylamine (0.21 mL, 1.5 mmol) and silver oxide (30 mg, 0.13 mmol) in toluene (20 ), 454 (M +. -1).
Methyl
2-benzyl-5-(1,1'-biphenyl-4-yl)-3-(1H-indol-3-yl)-4-nitro-prolinate (9h)
Obtained from imine 6f (343 mg, 1 mmol), E-nitrostyrene 7b (188 mg, 1 mmol), triethylamine (0.21 mL, 1.5 mmol) and silver oxide (30 mg, 0.13 mmol) in toluene (20 
+1, 80), 308 (100).
Methyl 3-(4-hydroxy-3-methoxyphenyl)-5-(2-naphthyl)-4-nitro-prolinate (9i)
Obtained from imine 6a (227 mg, 1 mmol), E-nitrostyrene 7c (195 mg, 1 mmol), triethylamine (0.21 mL, 1.5 mmol) and silver oxide (30 mg, 0.13 mmol) in toluene (20 Acetic anhydride (11mol equiv., 0.46 mL, 0.5 g, 4.86 mmol) was added at 0 °C to a solution of cycloadducts endo-9q and exo-10q (170 mg, 0.44 mmol) in pyridine (3 mL). The mixture was stirred at room temperature for 3 h., and then poured into ice water. The products were extracted with dichloromethane and the organic layer washed sequentially with 5 % aqueous HCl, saturated aqueous NaHCO 3 , and brine, dried (MgSO 4 ), and concentrated in vacuo. The isomers were separated by column chromatography eluting with 3:2 v/v hexane / ethyl acetate.
Methyl N-acetyl-5-naphthalen-2-yl-4-nitro-3-thiophen-2-yl-pyrrolidine-2-carboxylate (16a) 
